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Summary A recombinant murine retroviral vector encoding the SV40 virus large T antigen was used to
infect stably an immortal line of differentiated rat thyroid epithelial cells, FRTL-5. Expression of SV40 T
transformed these cells to anchorage independence and tumorigenicity but did not alter morphology or
abolish tissue-specific functions and growth factor requirements. The resulting phenotype provides a model of
well-differentiated human thyroid cancer.
Despite the comparative rarity of thyroid cancer, there are
many advantages in using the thyroid as a model for the
study of multi-stage carcinogenesis in human and rodent
epithelial cells. In contrast, for example, to that of gut and
breast, the thyroid follicular epithelium can be regarded from
a differentiation and cell kinetic standpoint as a single
homogeneous population whose growth is regulated in vivo
by a single major growth factor - thyroid stimulating
hormone, TSH (Dumont, 1971). A spectrum of benign and
malignant epithelial tumours occurs spontaneously in man
and can be induced experimentally in rodents by a sustained
high level of serum TSH alone (as well as by chemical
carcinogens or irradiation) (Doniach, 1950). The in vivo
organisation of thyroid epithelial cells in discrete follicles
facilitates their isolation by differential sedimentation to give
primary cultures free from stromal cells (Smith et al., 1986).
In addition, the epithelium retains several easily monitored
tissue-specific differentiated characteristics in culture, notably
the ability to trap iodide ions and to produce thyroglobulin
(Lissitzky et al., 1971).
We are using two complementary approaches to identify
significant genetic events in thyroid tumorigenesis. Firstly,
we are analysing the structure and expression in thyroid
tumours of genes suspected of being involved in growth
control - recent results indicate a high incidence of ras gene
mutation in thyroid follicular carcinomas (Lemoine et al.,
1988, 1989). Secondly, we wish to test the causal role of such
changes by attempting to reconstruct the tumour phenotype
in vitro by introducing the respective oncogenes into untrans-
formed thyroid epithelial cells. Since the ultimate aim is to
use primary cells, the need for a highly efficient method of
gene transfer was anticipated. We have therefore investigated
the use of retroviral vectors. As a convenient target cell with
which to explore this methodology, we have initially used an
immortal but untransformed rat thyroid epithelial line
FRTL5 (Ambesi-Impiombato et al., 1980) which retains
thyroid-specific differentiated characteristics. We report here
the results obtained by infection of these cells with a vector
carrying the SV40 large T gene as a model oncogene.
Materials and methods
Cells and culture conditions
FRTL5 cells were grown in Coon's modified F-12 medium
containing 5% calf serum (CS) (Gibco) plus six growth
factors (6H: TSH, insulin, hydrocortisone, transferrin,
somatostatin and the tripeptide glycyl-histidyl-lysine). P2
cells, an immortal thyroid fibroblast cell line derived in our
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laboratory (Wynford-Thomas et al., 1986) were grown in
DMEM containing 10% fetal calf serum (Imperial Labora-
tories). NIH3T3 and the psi-2 packaging cell lines were
grown in DMEM containing 10% calf serum (Gibco).
Vectors
The ZIPneo-SVX vector plasmid (Cepko et al., 1984) (kindly
provided by Dr R. Mulligan, Whitehead Institute, Boston,
MA, USA) contains a unique BamHI cloning site. Inserted
sequences are expressed from the full-length transcript, dri-
ven by an LTR derived from the Moloney murine leukaemia
virus. The spliced transcript expresses the neo gene, which
confers resistance to the antibiotic G418.
The ZIPneo-TEX vector (Brown et al., 1986) contains a
promotorless, but otherwise intact, SV40 T cDNA fragment
from pSP6TEX cloned into the BamHI site of ZIPneo-SVX.
High titre virus producer psi-2 cells were kindly provided by
Dr Van Cherington (Tufts University, Boston, MA, USA).
Infection protocol
NIH3T3, P2 and FRTL5 cells were plated at 105 per 60mm
dish (Falcon) and infected 24h later. The virus-producer
(psi-2) cells were grown in the medium appropriate to the
target cell for 18h before infection (i.e. Coon's F-12 plus 6H
for FRTL5, DMEM for P2 and NIH3T3 infections). Virus-
containing medium from 90% confluent cultures of psi-2
cells was filtered through a 0.45pm Acrodisc filter (Gelman
Sciences) and used immediately for infection. The medium
was removed from the target cells and replaced with 1 ml of
psi-2 medium (per 60mm dish) containing 8pgml - poly-
brene (Aldrich). After 2h, 4ml of the appropriate growth
medium was added. Twenty-four hours post-infection the
cells were passed into a 90mm dish. Forty-eight hours after
infection geneticin (G418) (Gibco BRL) was added to a final
concentration of 400pgml-1. G418-resistant colonies could
be identified after 14 days, and were pooled or picked one
week later. Pooled populations were established from a
minimum of 1,000 G418 resistant colonies to eliminate
effects of clone to clone variation.
Detection of SV40 T expression
Concomitant expression of both vector genes in the TEX-
infected cells was assessed by immunocytochemistry of the
G418 resistant colonies. Cells plated on coverslips (Therma-
nox) were fixed in acetone (-20°C, 10min) and SV40 T
antigen was detected by an indirect immunoperoxidase pro-
cedure (Davis & Wynford-Thomas, 1986) using mouse
monoclonal anti-T antibody PAb419 (kindly provided by Dr
D. Lane, ICRF, London, UK).
Growth curves
The effects of SV40 T expression on growth factor require-
ments was assessed by comparing TEX and SVX infected
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pooled populations. Growth curves were determined by
seeding 24-well dishes (Falcon) with 5 x 103 cells ppr wc11.
Cells were plated in complete medium and the next day were
washed twice with HBSS before applying selective media. At
2 or 3 day intervals the cells in duplicate wells were
trypsinised, resuspended and counted in a haemocytometer.
Early passage (<3) G418 resistant FRTL5 populations were
grown in a range of reduced (1-5%) calf serum concent-
rations. Specific growth factor requirements were assessed in
the presence of 5% CS by removing either TSH or insulin
from the hormone supplements added to the medium.
Saturation density
Cells (104) were seeded in each well of a 12-well multiwell
plate. The cells were allowed to grow to confluence and
duplicate wells were counted. This was repeated at two-day
intervals thereafter until there was no increase in cell
number.
Anchorage dependence
Cells, 104 per 35mm dish, were plated in 0.8% methocel
over a 0.9% agar base. Colonies were scored after 3 weeks.
Plating efficiency on plastic was assayed in parallel.
Tumorigenicity
Cells, 2 x 105 and 2 x 106, were injected subcutaneously into
4-week-old nude mice. Animals were observed for tumour
formation up to 5 months.
Differentiation state of FRTL-5
Iodine uptake was used as an index of thyroid-specific
differentiation as described previously (Fusco et al., 1982).
Triplicate samples of 106 cells were incubated for 20min at
37°C in 0.5ml Hepes buffered medium that contained
5xl10 c.p.m. Na125I (sp. act.=25OCimmol-1). After incu-
bation, radioactivity in the cell pellet was meassured. P2
thyroid fibroblast cells were used as a negative control.
Results
Infection of NIH3T3 cells
As a positive control for the biological (transforming)
activity of the ZIPneo-TEX vector, NIH3T3 cells were
infected in parallel to FRTL5. NIH3T3-TEX cells showed
typical morphological features of transformation and loss of
density-dependent inhibition of growth (Figure la,b). Serum
dependence was markedly reduced, doubling time (DT) in
1% CS being only 1.8 days compared to 11.4 days in control
(SVX-infected) cells. Saturation density in 10% CS was
correspondingly increased 2.5-3-fold. NIH-TEX were highly
anchorage-independent (75% plating efficiency in 0.8%
methocel) and tumorigenic in nude mice (Table I).
Infection of P2 cells
P2 rat thyroid fibroblast cells expressing SV40 T (P2-TEX)
showed less marked changes in morphology than NIH3T3,
consisting of a slight decrease in size associated with
increased crowding and loss of the normal parallel orien-
tation (Figure ic,d). Nevertheless, P2-TEX showed de-
creased serum-dependence, DT in 10% and 1% serum being
0.7 days and 1.6 days respectively, compared with 0.9 days
and 2.9 days in P2-SVX, and saturation density in 10% FCS
was increased 2.5-3 fold. P2-TEX were anchorage-
independent (P.E. in methocel -30%) but were not tumori-
genic in nude mice.
Infection of FRTLS cells
Since DNA synthesis and mitosis are prerequisites for viral
integration, the relatively long doubling time of FRTL5 cells
(36h) was expected to reduce the efficiency of infection, and
in,pplot studies only - 0.1% of the target population were
stably infected (less than 1/100 of the frequency obtained
with NIH3T3).
Although an exhaustive investigation was not carried out,
some parameters of the infection protocol were therefore
varied to attempt an improvement. The following
manoeuvres increased efficiency (in each case by a factor of
3-10): (a) passage of the FRTL cells 24h after infection to
disperse cells and hence reduce contact inhibition; (b) use of
freshly harvested virus-containing medium from the psi-2
cultures (rather than stored frozen aliquots) and (c) harvest-
ing virus from psi-2 at high cell density (optimally -90%
confluent). With our highest producer psi-2 line
(5 x 104c.f.u.mI1 on NIH 3T3), the present protocol repro-
ducibly yields >1,000 G418 resistant colonies two weeks
after infection of 105 FRTL5 cells, i.e. a 1% efficiency of
infection. Immunocytochemistry shows that over 90% of
these G418-resistant colonies also express the SV40 T
antigen.
Morphology
In comparison to the uninfected (uncloned) population, both
FRTL-TEX and FRTL-SVX cells were slightly smaller and
tended to grow to higher density forming more crowded
colonies (more marked in FRTL-TEX). The cuboidal shape
of individual cells and the overall mosaic organisation of the
epithelial islands however was maintained and, apart from
the higher density in FRTL-TEX, there was no observable
difference between the vast majority of FRTL-TEX and
FRTL-SVX colonies (Figure le,f). (The minor differences
from the wild-type population were most likely the result of
selection for clonal growth during G418 treatment). A very
small number of FRTL5-TEX colonies (-0.5%) developed a
markedly different fusiform morphology never observed in
FRTL5-SVX cells (Figure 1g).
Serum and growth factor requirements
Under standard conditions (5% CS plus 6H), FRTL-TEX
and FRTL-SVX showed similar doubling times of 1.7 and
1.8day respectively. Reduction of the serum concentration
from 5% to 1% (Figure 2a) markedly slowed the growth of
both, although to a slightly greater extent in FRTL-SVX at
the lowest concentrations. Removal of the thyroid specific
trophic hormone TSH reduced the growth rate 2.5-fold in
each case, while removal of insulin was without significant
effect (Figure 2b).
Saturation density
Under standard conditions FRTL5-TEX cells showed a 2.8-
fold increase in saturation density relative to FRTL5-SVX,
which was unaffected by removal of insulin (Table I). (In the
absence of TSH, both cell types failed to reach confluence.)
Anchorage dependence
FRTL-TEX cells exhibited a high degree of anchorage
independent growth in both soft agar and methocel, the
plating efficiency in the latter in standard medium reaching
30% of the value obtained on plastic (Table I). All colonies
continued to grow for at least 2 weeks and reached macro-
scopically-visible size. FRTL-SVX showed no significant
growth in methocel.
Tumorigenicity
Injection of 2 x 106 FRTL5-TEX cells into nude mice
resulted in formation of tumours in three out of four sites,
first noted at 8-9 weeks and reaching 1 cm diameter after
12-13 weeks. No tumours developed when only 2 x 105 cells
were injected. FRTL-SVX never gave rise to tumours.
Histological analysis of tumour sections showed a glandular
epithelium organised mainly in a 'solid' pattern but with
occasional areas of follicular organisation resembling theTHYROID CELL TRANSFORMATION 757
Figre 1 Morphology of NtH3T3 (a,b). P2 (c.d). and FRTL-5 (e,f) cells stably infected with either the ZIPneoSVX retroviral
vector, expressing the neo gene alone (a.c,e). or the ZIPneoTEX vector expressing also SV40 large T (b,d,f). A variant fusiform
morphology was seen in approx. 0.5% of TEX infected clones (g). (Phase contrast photomicrographs x 200.)
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Table I Effect of SV40 T expression on phenotype of mouse
NIH3T3 fibroblasts, rat P2 fibroblasts, and rat FRTL-5 epithe-
Hal cells.
Saturation Anchorage Nwk moue Iodide
Cell type density' n tunors' trapping
NIH-SVX 5.3 1% 0/4 -
NIH-TEX 17.5 76% 2/4 -
P2-SVX 5.0 0%/. 1/4 0.8%
P2-TEX 14.5 28% 0/4 -
FRTL-SVX 6.4 0%/. 0/4 24%
FRTL-TEX 17.3 35% 3/4 10%/
aCells per CM2 x 10i.
bPlating efficiency (PE) in methocel/PE
'No. tumours per sites injected-
do of total counts of 125I added.
7
7
on plastic x 100.
a
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Figure 2 Growth rates of FRTL-SVX and FRTL-TEX cells: (a)
effect of varying serum concentration; (b) effect of removing
insulin (-ins) or TSH (-TSH) from the medium. Doubling times
were derived from the exponential phase of growth curves.
Fugre 3 Histological appearance of normal rat thyroid (a) and
a nude mouse tumour (b) arising after subcutaneous injection of
FRTL-TEX cells. The normal gland is composed entirely of
epithelial-lined follicles (F). The tumour shows a mixture of
'solid' glandular epithelium (S) with occasional regions retaining
a follclular organisation (F). (Haematoxylin and eosin stained
sections x 150.)
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normal thyroid (Figure 3). When re-established in culture,
tumour epithelial cells were G418-resistant, expressed
immunocytochemically detectable SV40 T and showed the
same morphology and requirements for serum and TSH as
the original cells used for injection.
Differentiation state
FRTL-TEX cells still exhibited the thyroid-specific differen-
tiation marker - iodide uptake - although at a reduced level
(15min uptake=10%) in comparison to FRTL-SVX (24%)
(Table I). Interestingly, FRTL-SVX consistently gave a
higher value than the uninfected wild-type population (24%
and 18% respectively).
Discussion
Our data demonstrate the usefulness of the ZIPneo retroviral
vector system for obtaining stable expression of cloned
oncogenes in differentiated rat epithelial cells. The well-
documented advantages of improved yield and lower clone-
clone variability of this approach over infection or transfec-
tion with wild-type SV40 genomic DNA observed in fibro-
blast models (Brown et al., 1986; Jat et al., 1986) also
appears to hold for these epithelial cells (although the overall
colony yield was lower than in the rat fibroblast line P2).
The high frequency of clones obtained, together with the use
of a 'neutral' selection method (G418 resistance) ensures that
the pooled clones are representative of the 'average' pheno-
type resulting from SV40 T expression rather than the result
of a rare atypical response selected for by a transformation
assay.
The effect of SV40 T expression in NIH3T3 was, as
expected from earlier studies (Brown et al., 1986), to induce
full transformation as evidenced by loss of contact inhibi-
tion, anchorage independence and tumorigenicity (although
with a rather long latent period). In rat P2 fibroblasts, large
T expression led to a less completely transformed phenotype.
These cells displayed only minor changes in morphology and
were not tumorigenic but nevertheless showed a high degree
of anchorage independence. A similar result was obtained by
Jat et al., (1986) also using a rat fibroblast line, F-l 11,
although in that case less convincing anchorage indepen-
dence was found.
FRTL5 cells expressing SV40 T showed only minor
changes in morphology (except for a rare variant phenotype
which is currently being characterised), retained the differen-
tiated function of iodide trapping and retained almost full
dependence on serum and the tissue-specific mitogen, TSH,
for growth. Nevertheless these cells grew to higher saturation
density than controls, were highly anchorage independent
and formed well-differentiated epithelial tumours in nude
mice.
Direct comparison of our data with other epithelial
systems is limited by the fact that nearly all previous studies,
have used primary epithelial cultures rather than cell lines,
and SV40 genomic DNA encoding both large and small T
proteins rather than large T alone. Nevertheless, the effects
of SV40 transformation in, for example, rodent hepatocytes
(Isom et al., 1980, 1981) and mammary epithelia (Garcia et
al., 1986), and in human keratinocytes (Chang, 1986) have
been broadly similar to our observations, i.e. acquisition of
anchorage independence (with or without tumorigenicity) but
retention of differentiated characteristics. Our data demon-
strate for the first time that this phenotype can be induced in
a rodent epithelial cell by expression of large T alone.
The effect of SV40 T expression is in marked contrast to
that of the retroviral oncogenes H-ras, K-ras and mos. Infec-
tion of FRTL cells with wild-type virus encoding these genes
resulted in complete loss of growth factor (including TSH)
dependence and iodide trapping in addition to anchorage
independence and tumorigenicity (Fusco et al., 1982, 1987).
We have observed the same effect on our FRTL-5 cells using
a ZIPneo vector encoding a mutant H-ras cDNA (in
preparation).
We conclude therefore that SV40 T induces in immortal
rat thyroid epithelial cells a phenotype of incomplete trans-
formation which closely resembles that of well-differentiated
follicular cancer in man. We have recently been successful in
applying this retroviral vector to primary epithelial cultures
of rat thyroid and have observed multiple clones with
extended lifespan. It will be of interest to determine whether
the same phenotype is induced in these as in the immortal
FRTL line.
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